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Table	4.1	RNA	Quality	Table.	Anlaysis	of	RNA	quality	from	Fragment-Analyzer	showing	the	RNA	quality	number	(RQN),	RNA	degredation	values	as	measured	by	28S:18S	ratios,	total	RNA	concentration	for	each	sample,	and	RNA	purity	as	measured	by	260:280	and	260:230	ratios.	Letters	next	to	‘FISH	ID’	correspond	to	male	(m),	female	(f),	and	juveniles	(j).		 FISH	ID	 RQN	 28S:18S	Ratio	 RNA	Concentration	in	ng/μl		 260:280	Ratio	 260:230	Ratio	10j	 8.8	 1.5	 322.4	 2.1	 2.2	1j	 8.7	 1.6	 358.8	 2.09	 2.18	2j	 8.8	 1.6	 381.3	 2.09	 1.85	4j	 8.9	 1.6	 404.6	 2.1	 2.07	5j	 8.9	 1.6	 193.1	 2.11	 2.05	6j	 8.9	 1.4	 274.8	 2.12	 2.23	8j	 8.9	 1.7	 165.9	 2.1	 1.85	9j	 8.5	 1.4	 140.5	 2.09	 2.14	a11f	 8.9	 1.7	 489.3	 2.07	 2.13	a11m	 9.1	 1.7	 403.3	 2.11	 2.24	a12f	 9.1	 1.7	 445.4	 2.11	 2.09	a12m	 9.3	 1.7	 226.8	 2.1	 2.17	a13f	 8.6	 1.4	 441.9	 2.09	 2.12	a23f	 9.1	 1.7	 375.2	 2.1	 2.16	a23m	 8.9	 1.7	 371.9	 2.11	 2.15	a25f	 8.8	 1.7	 486.1	 2.03	 1.97	a25m	 8.8	 1.7	 432.7	 2.1	 2.2	b11f	 9.5	 1.8	 342.3	 2.11	 2.21	b11m	 9.2	 1.7	 246	 2.09	 2.14	b14f	 9.2	 1.9	 458.1	 2.1	 2.27	b14m	 9.4	 1.8	 324.5	 2.13	 2.2	b23f	 9.1	 1.9	 351.9	 2.11	 2.31	b23m	 9.1	 1.8	 414.2	 2.11	 2.2	b25f	 9.6	 2.1	 486.7	 2.1	 2.24	b25m	 9.1	 1.7	 215.7	 2.11	 2.13	c12f	 8.7	 1.7	 357	 2.1	 2.24	c12m	 9.2	 1.7	 346.1	 2.1	 2.13	c14f	 9.1	 1.9	 379.6	 2.11	 2.19	c14m	 8.8	 1.6	 428.4	 2.11	 2.08	c21f	 9.5	 1.6	 472.5	 2.1	 2.16	c21m	 9.1	 1.5	 434.4	 2.11	 2.15	c25f	 9.1	 1.8	 369.6	 2.11	 2.23	c25m	 8.6	 1.4	 339.9	 2.12	 2.07	t11f	 9.4	 1.8	 504.8	 2.09	 2.31	t11m	 9.5	 1.7	 264.5	 2.09	 2.25	t12f	 9.2	 2	 420	 2.12	 1.75	t13f	 9.1	 1.5	 401.8	 2.09	 2.33	
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Table	4.1	Continued…	
	 t14f	 9.2	 1.5	 447	 2.1	 1.46	t14m	 9.3	 1.9	 250.7	 2.12	 1.65	t15f	 9.5	 1.9	 417.4	 2.1	 2.25	t20f	 9.1	 1.7	 384	 2.09	 2.27	t20m	 8.5	 1.6	 461.5	 2.1	 2.18	t2m	 9	 1.7	 329	 2.11	 2.19	t6f	 9.3	 1.8	 414.1	 2.09	 2.22	t7m	 9.3	 1.9	 357.2	 2.13	 2.12		
														
Table	4.2		Primer	sequences	and	validation	parameters.	Primer	pairs	are	listed	for	specific	target	sequences	of	aromatase	(Genbank	#AB918722.1),	arginine	vasotocin	V1a	receptor	(Genbank	#AB669615.1),	beta	actin	(Genbank	#AB9212201.1),	and	isotocin	receptor	(Genbank	#AB669618.1).	Melt	temp	denotes	the	specific	meting	temperature	set	for	each	reaction.	Efficiency	and	R2	denote	efficacy	of	4-fold	serial	dilution	process	in	primer	validation.	
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CHAPTER	6:	
CONCLUSIONS	AND	FUTURE	DIRECTIONS	
6.1	Sex	differences	in	steroid	hormones	and	parental	effort	across	the	breeding	cycles	
6.1.1	CONCLUSIONS	This	study	highlights	the	anemonefish	Amphiprion	ocellaris	as	a	promising	model	in	elucidating	the	proximate	regulatory	mechanisms	governing	male	parental	care.	In	this	species,	males	are	the	predominant	caregivers,	and	display	and	an	extraordinary	amount	of	time	and	effort	tending	to	eggs	throughout	their	lifetimes.	The	parental	behaviors	exhibited	by	males	include:	nips	(mouthing	of	the	eggs	to	keep	them	free	of	fungus	and	debris),	fans	(providing	oxygen	rich	water),	and	spending	time	in	the	nest	(presumably	being	attentive	to	egg	conditions).		Additionally,	these	behaviors	are	displayed	similarly	to	what	has	been	reported	in	natural	conditions	in	closely	related	species	(Godwin,	1994a,	b;	Godwin	and	Thomas,	1993),	providing	a	novel	and	auspicious	model	in	studies	of	male	paternal	care.	Here	I	show	that	circulating	androgens	remain	elevated	in	reproductive	males	independent	of	whether	there	are	eggs	present	of	not.	This	provides	evidence	that	contradicts	the	‘challenge	hypothesis’,	where	in	this	species,	high	androgens	are	not	a	hindrance	to	high	levels	of	male	parental	effort.	Furthermore,	this	study	demonstrates	that	males	display	high	levels	of	parental	care	largely	in	isolation	form	challenging	social	encounters,	meaning	that	males	are	not	defending	nests	from	conspecific	intruders,	fighting	off	nest	predators,	or	competing	for	mating	opportunities.	This	allows	parental	care	to	be	studied	specifically,	providing	confidence	in	the	extrication	of	specific	mechanism	involved.			
6.1.2	FUTURE	DIRECTIONS	In	this	study,	hormonal	measurements	were	taken	on	different	days	in	separate	spawning	periods,	and	hence	measurements	were	taken	several	weeks	apart.	This	method	was	implemented	because	blood	draws	cannot	be	performed	daily	in	such	small	animals.	A	possible	future	direction	to	better	understand	the	subtleties		in	hormonal	variation	during	parental	care		in	male	A.	ocellaris	would	be	to	measure	hormones	via	water	born	methods	as	outlined	in	Kidd	et	al.	2010	(Kidd	et	al.,	2010).	Due	to	the	respiratory	properties	of	teleost	fishes,		circulating	hormones	are	released	into	the	water	via	the	gills,	and	therefore	enzyme	immunoassays	can	be	utilized	to	measure	hormone	
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concentrations	from	the	water.	Because	blood	draws	are	not	necessary	for	this	method,	hormone	measurements	can	be	taken	daily,	and	daily	variation	measured.		An	additional	opportunity	for	future	examination	engendered	by	this	study	involves	introducing	nest	predators	and/or	territorial	intruders.	If	the	challenge	hypothesis	is	indeed	relevant	in	this	species,	I	would	expect	circulating	androgens	to	increase	in	response	to	challenging	circumstances.	Furthermore,	it	would	also	be	possible	to	artificially	increase	androgen	via	androgen	administration	and	measure	parental	care.	This	would	provide	insight	into	whether	artificial	elevation	of	androgens	reduces	parental	effort	in	male	A.	ocellaris.	
	
	6.2	Opposite	effects	of	nonapeptide	antagonists	on	parental	behaviors	in	the	teleost	fish	
Amphiprion	ocellaris	
6.2.1	CONCLUSIONS	This	study	provides	several	intriguing	findings.	First,	I	show	that	male	parental	behaviors	in	
A.	ocellaris	are	consistent	among	individuals	across	spawning	periods	and	variable	between	individuals.	More	specifically,	when	measuring	the	number	of	nips,	fans,	and	the	amount	of	time	spent	in	the	nest,	individual	males	show	a	similar	behavioral	repertoire	regardless	of	which	spawning	period	is	being	observed.	Fathers	in	this	species	also	show	a	pattern	of	increasing	parental	care	across	the	egg-rearing	period.	Parental	care	starts	at	a	rate	of	150	behavioral	acts	per	10-minute	observation	period,	then	slowly	decreases	until	the	4th	day	of	the	egg-rearing	period	where	it	then	significantly	rises	from	day	4	through	day	7	where	on	day	7	parental	care	peaks	at	a	rate	of	300	behavioral	acts	per	10-minute	observation	period.		Additionally,	I	show	that	blockade	of	isotocin	(IT)	and	arginine	vasotocin	(AVT)	signaling	using	intraperitoneal	injections	specific	to	each	receptor	show	opposite	corresponding	results	in	parental	effort	in	male	A.	ocellaris.	Blockade	of	IT	decreases	parental	effort	while	blockade	of	AVT	increases	parental	effort.	Here,	I	conclude	that	IT	shares	a	conserved	role	in	the	regulation	of	parental	care	independent	of	the	sex	of	the	primary	caregiver,	and	adds	to	the	literature	showing	that	IT	is	remarkably	conserved	in	its	role	facilitating	parental	care	across	vertebrate	lineages.	Conversely,	I	conclude	that	AVT	is	likely	involved	in	ancillary	behaviors	related	to	reproductive	success	but	not	specifically	to	male	parental	care.					
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6.2.2	FUTURE	DIRECTIONS	This	study	demonstrates	that	A.	ocellaris	males	present	consistent	individual	variation	in	parental	effort	and	that	this	variation	can	easily	and	consistently	be	measured	across	spawning	periods.	This	provides	exciting	avenues	in	exploration	of	the	neural	mechanism	responsible	for	this	variation.	Do	males	that	display	higher	levels	of	parental	effort	also	show	increased	IT	signaling?	Or	conversely	lower	AVT	signaling?	Future	studies,	utilizing	larger	samples	sizes,	may	elucidate	answers	to	these	questions	by	quantifying	IT	and	AVT	cells	in	the	preoptic	area	(POA)	of	the	hypothalamus	and	correlating	these	cell	numbers	to	total	parental	effort.		Furthermore,	this	study	implemented	intraperitoneal	injections	that	presumably	blocked	IT	and	AVT	receptors	throughout	the	brain.	However,	where	those	receptors	are	located	and	how	they	affect	down	stream	regulation	of	paternal	effort	remains	unknown.	Hence,	future	studies	examining	the	abundance	and	distribution	of	IT	and	AVT	receptors	in	the	brain	may	provide	insight	into	the	brain	region	specific	regulation	of	how	this	signaling	systems	work	to	promote	parental	care	in	A.	
ocellaris.		Findings	from	this	study	suggest	that	AVT	signaling	is	inhibitory	to	parental	care,	as	blockade	of	AVT	significantly	increased	total	parental	effort.	This	was	a	surprising	finding	for	two	reasons:	first,	parental	effort	is	already	extremely	high	in	these	fish	and	a	ceiling	effect	of	any	pharmacological	increase	in	care	was	expected.	Second,	it	is	unusual	to	increase	targeted	behaviors	with	pharmacological	manipulations.	This	finding	provides	exciting	opportunities	for	future	exploration	of	how	and	why	blockade	of	AVT	signaling	increases	parental	care.	I	hypothesize	that	blockade	of	AVT	reduces	vigilance	and	nest	defense,	hence	allotting	more	effort	to	be	specifically	directed	towards	tending	the	eggs.	One	possible	future	experiment	would	be	to	repeat	this	study	in	a	field	setting,	where	nest	predators	are	naturally	present.	If	in	fact	blockade	of	AVT	increases	parental	care	by	reduced	vigilance,	this	could	easily	be	quantified	in	the	field.	Furthermore,	we	may	also	expect	blockade	of	IT	to	increase	vigilance	as	it	reduced	parental	effort.	This	would	be	a	powerful	study	to	substantiate	the	claims	that	these	nonapeptides	work	in	distinct	ways	to	regulation	offspring	survival.							
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6.3	Dynamic	regulation	of	brain	aromatase	and	isotocin	receptor	gene	expression	in	
amphiprion	ocellaris	pairs	depending	on	breeding	status	
6.3.1	CONCLUSIONS	Findings	from	this	work	show	that	whole	brain	levels	of	IT	receptor	and	aromatase	gene	expression	increase	in	the	context	of	parental	care.	Males	actively	displaying	high	levels	of	parental	care	have	higher	expression	of	IT	receptors	and	aromatase	than	those	that	are	not	currently	caring	for	eggs.	These	findings	substantiate	the	literature	consensus	that	IT	signaling	is	crucial	for	high	levels	of	parental	care,	and	also	add	to	a	smaller	body	of	evidence	showing	that	aromatase	activity	may	also	be	important	for	parental	care,	particularly	in	males	(Trainor	and	Marler,	2001,	2002).	Furthermore,	this	work	highlights	the	importance	of	the	interplay	between	circulating	steroid	hormones,	brain	aromatase,	and	IT	signaling	processes	(Gimpl	and	Fahrenholz,	2001;	Tribollet	et	al.,	1990).	If	indeed	estradiol	(E2)	in	the	brain	is	important	for	high	levels	of	male	parental	care,	then	brain	aromatase	activity	converting	testosterone	to	E2	may	be	a	critical	component	of	male	parental	care.	Moreover,	recent	studies	have	highlighted	an	important	relationship	between	E2	and	oxytocin	(OT)	signaling,	where	E2	facilitates	the	production	of	OT	receptors	and	increases	the	binding	affinity	of	OT	within	the	POA	of	the	hypothalamus.			
6.3.2	FUTURE	DIRECTIONS		Future	works	examining	the	relative	gene	expression	levels	of	IT	receptors	and	aromatase	in	a	brain	region	specific	manner	may	provide	insight	into	which	brain	regions	specifically	are	involved	in	the	regulation	of	male	parental	care.	These	studies	should	aim	to	isolated	out	specific	regions	including	Several	studies	have	shown	differential	abundance	of	AVT	and	IT	receptor	gene	expression	levels	which	are	brain	region	specific.	Using	the	brain	atlas	developed	within	the	Rhodes	lab,	future	works	may	aim	to	either	dissect	out	brain	regions,	or	alternatively,	use	brain	punches	to	isolate	out	these	regions	in	measuring	brain	regions	specific	gene	expression	levels.		Another	exciting	opportunity	for	future	studies	generated	by	these	findings	is	exploring	the	interplay	of	T,	E2,	aromatase,	and	IT.	While	it	has	been	hypothesized	that	local	synthesis	within	the	brain	of	E2	from	T	by	aromatase	is	important	for	parental	care,	this	has	never	been	directly	measured.	Additionally,	if	the	process	of	increasing	E2	within	the	brain	promotes	increases	in	IT	and	IT	receptor	production	then	future	works	may	aim	to	quantify	the	relationship	between	levels	of	brain	E2	and	IT.	Therefore,	direct	quantification	of	T	and	E2	within	the	brain	while	concurrently	blocking	aromatase	activity	with	a	specific	aromatase	inhibitor	may	provide	exciting	evidence	in	
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understanding	the	interplay	between	circulating	steroid	hormones	levels,	local	synthesis	of	brain	steroid	hormones,	and	IT	signaling	processes.			
6.4	Correlations	between	step-fathering	and	activation	of	isotocin	neurons	in	the	preoptic	
area	of	the	hypothalamus	
6.4.1	CONCLUSIONS	This	is	the	first	study	to	use	a	step-fathering	paradigm	in	order	to	dissociate	the	neural	substrates	of	reproduction	from	parental	care.		The	use	of	stepfathers	is	a	powerful	tool	in	understanding	parental	care,	as	the	behavioral	act	of	sperm	release	may	alter	the	brain	prior	to	parental	care	experience.	Here	we	show	that	activation	of	IT	neurons	can	be	quantified	via	immunofluorescence	using	a	double	label	of	IT	and	the	neural	activation	marker	rpS6.	However,	the	step	fathers	in	this	experiment	were	inexperienced,	and	did	not	provide	care	in	a	way	that	either	experience	fathers,	or	experienced	stepfathers	normally	do.	For	example,	in	biological	fathers,	time	in	the	nest,	as	well	as	nips	and	fans	are	positively	correlated	with	offspring	survival	as	measured	by	egg	counts	on	the	day	the	eggs	are	laid	to	the	last	day	eggs	are	present.	In	this	experiment,	step-fathering	behavior	shows	the	opposite	pattern,	where	time	in	the	nest	was	negatively	correlated	with	offspring	survival.	This	is	presumably	due	to	stepfathers	either	eating	the	eggs,	or	providing	insufficient	offspring	care.			
6.4.2	FUTURE	DIRECTIONS	The	methodological	validation	of	the	immunofluorescent	double	label	of	IT	and	rpS6	provides	a	powerful	tool	in	understanding	how	IT	neurons	responds	to	high	levels	of	male	parental	care.	However,	future	works	should	work	to	provide	experience	for	naïve	stepfathers.	Males	increase	their	efficiency	of	care	over	time,	and	therefore	either	using	experience	biological	fathers	in	a	step-fathering	paradigm,	or	providing	naïve	stepfathers	with	multiple	batches	of	eggs	in	order	to	garner	experience	may	yield	results	more	consistent	with	what	would	be	expected.	That	is,	increased	IT	neuronal	activation	in	relation	to	high	levels	of	male	parental	care.		Another	exciting	opportunity	may	implement	a	broader	approach	to	identify	the	neuronal	phenotype	of	activated	cells	as	measured	by	the	rpS6.	Here	you	can	run	and	initial	experiment	to	identify	specific	regions	of	the	brain	that	are	activated	in	response	to	step-fathering	behavior.	Subsequent	to	identifying	these	brain	regions,	each	region	can	be	dissected	out,	run	through	a	rpS6	binding	affinity	column	where	cells	marked	with	the	rpS6	are	isolated.	Then	these	cells	can	be	
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processes	for	a	bottom	up	approach	with	RT-PCR	measuring	cells	of	interest,	or	RNA-Sequencing	in	order	to	identify	all	the	genes	expressed	in	these	activated	neurons.	Along	with	the	recent	development	of	the	A.	ocellaris	transcriptome	these	methods	provide	promising	avenues	for	a	more	targeted	approach	in	understanding	male	parental	care	
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